Neurovascular coupling supports brain metabolism by matching focal increases in neuronal activity with local arteriolar dilation. Previously, we demonstrated that an emergence of spontaneous endfoot high-amplitude Ca 2þ signals (eHACSs) caused a pathologic shift in neurovascular coupling from vasodilation to vasoconstriction in brain slices obtained from subarachnoid hemorrhage model animals. Extracellular purine nucleotides (e.g., ATP) can trigger astrocyte Ca 2þ oscillations and may be elevated following subarachnoid hemorrhage. Here, the role of purinergic signaling in subarachnoid hemorrhage-induced eHACSs and inversion of neurovascular coupling was examined by imaging parenchymal arteriolar diameter and astrocyte Ca 2þ signals in rat brain slices using two-photon fluorescent and infrared-differential interference contrast microscopy. We report that broad-spectrum inhibition of purinergic (P2) receptors using suramin blocked eHACSs and restored vasodilatory neurovascular coupling after subarachnoid hemorrhage. Importantly, eHACSs were also abolished using a cocktail of inhibitors targeting G q -coupled P2Y receptors. Further, activation of P2Y receptors in brain slices from un-operated animals triggered high-amplitude Ca 2þ events resembling eHACSs and disrupted neurovascular coupling. Neither tetrodotoxin nor bafilomycin A1 affected eHACSs suggesting that purine nucleotides are not released by ongoing neurotransmission and/or vesicular release after subarachnoid hemorrhage. These results indicate that purinergic signaling via P2Y receptors contributes to subarachnoid hemorrhage-induced eHACSs and inversion of neurovascular coupling.
Introduction
Aneurysmal subarachnoid hemorrhage (SAH) is associated with substantial morbidity and mortality against which current therapeutic options have limited efficacy. 1 Perfusion deficits within brain cortex are generally appreciated to contribute to the development of delayed neurological deficits that jeopardize the survival and long-term outcome of SAH patients. 2, 3 The occurrence of multifocal cortical infarcts in the days to weeks after the initial aneurysm rupture reflect this diffuse impact of SAH on the brain microcirculation. [4] [5] [6] However, the signaling pathways linking SAH to decreased cortical blood flow are not fully understood.
Intra-cerebral (parenchymal) arterioles form a natural bottleneck to cortical perfusion, and as they enter the brain they become encased by astrocyte endfeet. [7] [8] [9] In the healthy brain, neuronal activity-dependent elevation of endfoot Ca 2þ can trigger parenchymal arteriolar dilation and enhanced local cerebral blood flow (CBF). 10 Several studies have provided evidence that increased neuronal activity triggers a rise in astrocyte endfoot Ca 2þ that may be associated with release of vasoactive substances (e.g., K þ ions) into the restricted perivascular space between the endfeet and vascular smooth muscle leading to vasodilation. 11, 12 However, increased CBF in response to neuronal activity may also be triggered by pathways independent of elevations in astrocyte Ca 2þ (e.g., nitric oxide release from interneurons 13, 14 ). The brain's functional hyperemic response, also referred to as neurovascular coupling (NVC), ensures adequate delivery of O 2 and other nutrients to areas of the brain with increased metabolic demand. In brain slices from SAH model animals, however, the polarity of the vascular response to neuronal activation is shifted from vasodilation to vasoconstriction. 15, 16 This inversion of NVC may contribute to the development of focal ischemia after SAH by restricting blood flow to active brain regions. Recent evidence indicates that altered astrocyte Ca 2þ signaling in the form of the emergence of spontaneous endfoot high-amplitude Ca 2þ signals (eHACSs) is associated with SAH-induced inversion of NVC. 15, 17 However, the cellular basis underlying the generation of eHACSs after SAH has not been determined.
The goal of this study was to determine whether enhanced purinergic signaling underlies the generation of eHACSs and inversion of NVC after SAH. Astrocytes broadly express both ionotropic (P2X) and metabotropic (P2Y) purinergic receptors that trigger a rise in intracellular Ca 2þ when activated. 18, 19 Increased signaling via extracellular purine nucleotides (e.g., ATP) is common after brain injury, including aneurysmal SAH 18, 20 and elevated levels of ATP have been reported in cerebral spinal fluid (CSF) after SAH. 20, 21 Further, purinergic signaling has been reported to cause aberrant astrocyte Ca 2þ elevations that are associated with vascular instability and disrupted NVC in a mouse model of Alzheimer's disease. 22, 23 Here, using combined infrared-differential interference contrast (IR-DIC) and two-photon fluorescence microscopy, we report that inhibition of G q -coupled P2Y purinergic receptors abolished eHACSs and restored vasodilatory NVC in brain slices obtained from SAH model animals. However, block of P2Y receptors did not affect astrocyte Ca 2þ signaling in brain slices from control animals and inhibition of ionotropic P2X receptors did not alter Ca 2þ signaling in either the control or SAH group. Further, we show that activation of P2Y receptors in brain slices from control animals mimicked SAH by causing the emergence of high-amplitude endfoot Ca 2þ events resembling eHACSs and disrupting NVC responses. This work identifies astrocyte P2Y receptors as an important component of SAH pathology and a novel potential therapeutic target in the treatment of micro-vascular dysfunction following cerebral aneurysm rupture.
Materials and methods

Rat SAH model
The double-injection cisterna magna model was used to mimic aneurysmal SAH, as previously described. 15, 24 Briefly, autologous, unheparanized arterial blood (0.5 mL drawn from the tail artery) was injected into the cisterna magna of isoflurane-anesthetized Sprague-Dawley rats (male, 10-12 weeks old, Charles River Laboratories). This surgical procedure was repeated following a 24 h recovery period. Sham-operated animals underwent identical surgical procedures except that artificial cerebral spinal fluid (aCSF) was injected rather than whole blood. Sham and SAH model animals were euthanized at day 2 (48 h) following the first injection. Day 2 SAH was chosen because we previously found that at this time point, the vast majority of astrocyte endfeet ($80%) exhibit eHACSs; defined as spontaneous (i.e., non-stimulated) events with endfoot Ca 2þ exceeding 500 nM. 17 Day 2 SAH also coincided with the highest percentage (100%) of brain slices exhibiting inversion of NVC. Un-operated animals served as the control group. All procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (eighth edition, 2011), ARRIVE (Animals in Research: Reporting In Vivo Experiments) guidelines, and followed protocols approved by the Institutional Animal Care and Use Committee at the University of Vermont.
Simultaneous measurement of arteriolar diameter and astrocyte endfoot Ca 2þ in cortical brain slices Brain slice preparation. Animals were euthanized by decapitation while under deep anesthesia with pentobarbital (60 mg/kg). Coronal brain slices (160 mm thick) were cut in ice-cold, aerated (5% CO 2 /95% O 2 ) aCSF using a Leica VT1000S vibratome. Brain slices were incubated with the fluorescent Ca 2þ indicator, Fluo-4 AM (10 mM) for 1.5 h at 29 C in aerated aCSF containing 0.04% pluronic acid. Under these conditions, Fluo-4 preferentially loads into astrocytes. 25 After incubating with Fluo-4 AM, brain slices were rinsed and maintained in aerated aCSF at room temperature prior to imaging.
Simultaneous recordings of arteriolar diameter and endfoot Ca 2þ . A BioRad Radiance multi-photon imaging system (excitation wavelength: 820 nm, fluorescent bandpass filter: 575/150 nm, sampling frequency $1 Hz) coupled to a Coherent Chameleon Ti-Sapphire laser was used to simultaneously obtain IR-DIC and fluorescent brain slice images (512 pixels Â 512 pixels, 61 mm Â 61 mm). Arteriolar segments (cortical layer 2/3, middle cerebral artery territory) that were surrounded by Fluo-4-loaded endfeet and at a depth of 20-50 mm into the cut surface of the brain slice were chosen for study. Spontaneous endfoot Ca 2þ signals were recorded in the absence of stimulation. NVC was initiated using electrical field stimulation (EFS; 50 Hz, 20 V, 0.3 ms alternating square pulse, 3 s duration) applied using a Grass Technologies 24 S stimulator to trigger neuronal action potentials. 15, 17, 26 For EFS, a pair of platinum wire electrodes (2 mm apart) was lowered onto the edge of the slice surface. The electrodes were oriented such that the wires were on opposite sides of the arteriole, which was positioned directly between the two electrodes. We have previously shown that using these parameters, EFS-evoked endfoot Ca 2þ elevations and associated changes in arteriolar diameter are abolished in the presence of tetrodotoxin 15 indicating that these phenomena depend on the generation of neuronal action potentials. Throughout all recordings, brain slices were continually superfused with aerated aCSF (32-34 C) containing the thromboxane A 2 analog, 9,11 di-dideoxy-11a,9aepoxymethanoprostaglandin F 2a (U46619, 100 nM) to induce a comparable intermediate level of arteriolar tone in brain slices from control and SAH animals. 15, 17 Ionomycin (10 mM) and CaCl 2 (20 mM) were added to the bath at the end of each experiment to obtain maximal fluorescence.
Analysis of arteriolar diameter. Intraluminal arteriolar diameter was measured from IR-DIC images at three evenly spaced points along a 10 mm length of segment exhibiting the greatest diameter change to EFS. Diameter change is expressed as the percent increase or decrease from baseline (determined from 10 s prior to EFS and averaged for the 3 points of measurement). Diameters were measured manually using custom software, SparkAn, written by Dr Adrian D. Bonev at the University of Vermont (Burlington, VT).
Analysis of endfoot Ca 2þ .
A region of interest (ROI, 1.2 mm Â 1.2 mm) was placed within an endfoot that was either (1) adjacent to the arteriolar segment used to measure diameter during EFS or (2) exhibiting spontaneous Ca 2þ events in the absence of stimulation. Spontaneous Ca 2þ events were defined by the following criteria: (1) ! 30% increase in fluorescent intensity for at least two consecutive images and (2) multiple events during a 4-min recording period. 17 The recording period of 4 min was chosen as it provides sufficient time to capture endfoot Ca 2þ activity without the negative consequences of photo-bleaching, photo-damage, and/or gradual drift out of the focal plane. Endfoot Ca 2þ concentrations were estimated using the maximal fluorescence method. 12, 27 Statistical analysis. Data are expressed as mean AE SEM (n: the number of observations, N: the number of animals). Analysis was performed by investigators that perform the studies, no blinding was done. Student's two-tailed paired t test was used for comparisons between two groups.
Reagents. U46619 and ionomycin were obtained from Calbiochem (EMD Millipore, Chicago, IL). Fluo-4 AM and pluronic acid were obtained from Invitrogen (Life Technologies, Eugene, OR). All P2 receptor antagonists were obtained from Tocris (Bio-techne, Minneapolis, MN). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO). The composition of aCSF (in mM) was: 125 NaCl, 3 KCl, 18 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 5 glucose, and 0.4 ascorbic acid.
Results
Purinergic receptor inhibition abolishes SAH-induced eHACSs
The role of purinergic signaling in the generation of SAH-induced astrocyte eHACSs was explored in brain slices using the broad-spectrum purinergic receptor antagonist, suramin (100 mM) ( Figure 1 ). In brain slices from un-operated (control) and sham-operated animals, only spontaneous Ca 2þ signals with amplitudes of less than 500 nM were observed in Fluo-4loaded endfeet using two-photon imaging (Figure 1 Figure 1 ). Suramin had no effect on the amplitude (Figure 1 (b)) or frequency ( Figure 1 (c)) of endfoot Ca 2þ signals in control (n ¼ 8 endfeet from 5 brain slices, N ¼ 4) and sham-operated animals (n ¼ 8 endfeet from 4 brain slices, N ¼ 3). In brain slices from SAH model animals, most endfeet exhibited a mix of ''control-like'' Ca 2þ signals (amplitudes < 500 nM) and high-amplitude (>500 nM) Ca 2þ signals ''eHACSs'' as previously described (Figure 1(d) ). 15, 17 Suramin treatment nearly abolished SAH-induced eHACSs (Figure 1(b) and (c)), but did not affect lower amplitude ''control-like'' events or the overall frequency of spontaneous Ca 2þ signals (n ¼ 10 endfeet from 6 brain slices, N ¼ 5). As NVC responses 15 and spontaneous Ca 2þ event amplitudes were comparable between the control and sham-operated groups (268 AE 11 nM vs. 283 AE 12 nM, respectively; two-tailed unpaired t test, p ¼ 0.367), un-operated animals served as controls for subsequent experiments. These results suggest that purinergic signaling Figure 1 . Inhibition of purinergic signaling with suramin blocks SAH-induced eHACSs. (a) Upper panels: Brain slice images with parenchymal arterioles and overlapping pseudocolor-mapped fluorescent Ca 2þ levels in surrounding astrocyte endfeet obtained using simultaneous IR-DIC and two photon microscopy. These images capture peak Ca 2þ levels during a typical event in a brain slice from a control animal (<500 nM, left) and a high-amplitude ''eHACS'' in a brain slice from an SAH animal (!500 nM, right). Red-dashed lines depict arteriolar lumen. Scale bar is 10 mm. Lower panels: spontaneous fluctuations in intracellular Ca 2þ (i.e. spontaneous Ca 2þ events) in the absence and presence of suramin recorded from the regions of interest corresponding to the black boxes in the upper panel images. Black arrows represent the time point when upper panel images were obtained. (b) Distribution of spontaneous Ca 2þ event amplitudes recorded in brain slices from control (n ¼ 8 endfeet from 5 brain slices, N ¼ 4), sham-operated (n ¼ 8 endfeet from 4 brain slices, N ¼ 3), and SAH model animals (n ¼ 10 endfeet from 6 brain slices, N ¼ 5) before and after treatment with suramin. Horizontal black lines represent the mean amplitudes of all events in the group. eHACSs (red dots, peaks ! 500 nM) are nearly abolished in brain slices from SAH animals treated with suramin. Two-tailed paired t test, **p < 0.01, ns: not significant. (c) Summary data showing the effect of suramin on the frequency of spontaneous endfoot Ca 2þ events in brain slices from control, sham-operated, and SAH model animals. Two-tailed paired t test, ns: not significant. (d) Summary indicating the incidence of endfeet with eHACSs before and after treatment with suramin. These data were obtained from brain slices of SAH animals, as eHACSs were not observed in brain slices from control or sham-operated animals.
is involved in SAH-induced eHACSs, but not in ''control-like'' endfoot Ca 2þ events.
Suramin restores vasodilatory NVC after SAH
As the emergence of eHACSs has been linked to inversion of NVC after SAH, 15, 17 we examined whether disruption of eHACSs with suramin could restore vasodilatory NVC in brain slices from SAH animals. In the absence of suramin, generation of neuronal action potentials using EFS caused parenchymal arteriolar constriction in 100% of SAH brain slices (n ¼ 7/7 brain slices, N ¼ 6) (Figure 2(a) ). Remarkably, suramin restored arteriolar dilation to EFS in the majority of brain slices (n ¼ 6/7 brain slices, N ¼ 6) (Figure 2(b) ). Suramin, however, did not alter the amplitude of EFSevoked endfoot Ca 2þ transients (Figure 2(c) ) or arteriolar diameter before EFS (6.5 AE 1.1 mm before suramin vs. 6.2 AE 1.0 mm after suramin, two-tailed paired t test, p ¼ 0.53, n ¼ 7 endfeet from 7 brain slices, N ¼ 6). In time control studies, eHACSs were observed in 80% of (n ¼ 4/5 endfeet from 3 brain slices, N ¼ 3) endfeet in the initial recordings, and in 100% of endfeet (n ¼ 5/5 endfeet from 3 brain slices, N ¼ 3) after 20 min. Moreover, the mean amplitudes of all events were similar between groups (376 AE 42 nM initial vs. 390 AE 27 nM after 20 min), as well as the overall frequency of events (0.026 AE 0.006 initial vs. 0.032 AE 0.01 after 20 min, n ¼ 5 endfeet from 3 brain slices, N ¼ 3). These data demonstrate that both the inversion of NVC and the presence of eHACSs in astrocyte endfeet surrounding parenchymal arterioles after SAH are dependent upon purinergic signaling.
P2Y receptors mediate SAH-induced eHACSs
Purinergic (P2) receptors are broadly classified into two subtypes: ligand-gated, Ca 2þ -permeable ion channels (i.e., P2X receptors) and metabotropic G-protein coupled (P2Y) receptors. 28 P2X receptors and P2Y receptors can be distinguished using a, b-methylene-ATP (a, b me-ATP), a selective P2X agonist that rapidly desensitizes P2X but not P2Y receptors. 29 In brain slices from un-operated control animals, a, b me-ATP (10 mM) triggered an increase in endfoot Ca 2þ signaling within the first 5 min of exposure, suggesting that functional P2X receptors are expressed on the endfeet (Supplemental Figure 2 (a) to (c); n ¼ 7 endfeet from 5 brain slices, N ¼ 4). However, after 25 min, endfoot Ca 2þ signals had normalized, indicating that P2X receptors had become desensitized (Supplemental Figure 2 (a) to (c)). Under these conditions (i.e., 25 min treatment of a, b me-ATP) to desensitize P2X receptors, the incidence of eHACSs and the overall frequency of endfoot Ca 2þ signals (Figure 3(a) to (c), n ¼ 5 endfeet from 4 brain slices, N ¼ 3) were unaltered, suggesting that P2X receptors are not involved in the generation of eHACSs after SAH.
To examine the involvement of P2Y receptors in SAH-induced eHACSs, brain slices from SAH animals were treated with a cocktail of inhibitors targeting G qcoupled P2Y receptors. This inhibitor cocktail contained MRS 2179 (30 mM, P2Y 1 antagonist), AR-C 118925XX (10 mM, P2Y 2 antagonist), MRS 2578 (30 mM, P2Y 6 antagonist), and NF 340 (30 mM, P2Y 11 antagonist). [30] [31] [32] This combination of P2Y inhibitors blocked eHACSs, but did not alter ''control-like'' events or the overall frequency of spontaneous Ca 2þ signals (Figure 3(d) to (f), n ¼ 13 endfeet from 6 brain slices, N ¼ 5). Interestingly, treatment of SAH brain slices with the phospholipase C inhibitor, U73122 (30 mM, 30 min) abolished both SAH-induced eHACSs and all ''control-like'' events (0.026 AE 0.007 Hz to 0 Hz, n ¼ 5 endfeet from 3 brain slices, N ¼ 3). Spontaneous endfoot Ca 2þ signals were also abolished by U73122 in brain slices from un-operated control animals (0.022 AE 0.004 Hz to 0 Hz, n ¼ 7 endfeet from 4 brain slices, N ¼ 3); however, the inactive analog, U73343 (30 mM, 30 min), was without effect (0.019 AE 0.004 Hz to 0.019 AE 0.04 Hz, n ¼ 4 endfeet from 4 brain slices, N ¼ 4). Together, these data indicate that G q -coupled P2Y receptor signaling contributes to the generation of SAH-induced eHACSs and that non-purinergic G q -coupled receptors mediate ''control-like'' endfoot Ca 2þ signals.
Activation of P2Y receptors in brain slices from control animals mimics SAH
We next sought to determine whether pharmacologic activation of P2Y receptors could mimic SAH in brain slices from un-operated animals. To obviate the potentially confounding effects mediated by P2X receptors, brain slices were pre-treated with a, b me-ATP (10 mM, 25 min) to desensitize P2X receptors. In the presence of a, b me-ATP, Ca 2þ signals in endfeet from control animals were unaltered (i.e., all peaks <500 nM). Subsequent treatment of brain slices with the non-hydrolyzable ATP analog, ATPgS (3 mM), triggered an emergence of high-amplitude Ca 2þ signals that were comparable to SAH-induced eHACSs (Figure 4(a) to (c), n ¼ 13 endfeet from 8 brain slices, N ¼ 5). In the absence of EFS, parenchymal arterioles in these brain slices typically exhibit minor fluctuations in diameter ( AE 1-2%, or < 1 mm). We attempted, but could not discern, a correlation between individual spontaneous Ca 2þ events in endfeet and arteriolar diameter fluctuations either in the absence and presence of ATPgS. Further, there was no effect of ATPgS on arteriolar diameter prior to EFS (6.1 AE 0.9 mm before ATPgS vs. 6.2 AE 0.9 mm after ATPgS, two-tailed paired t test, p ¼ 0.64, n ¼ 5 brain slices, N ¼ 4). However, activating P2Y receptors did cause a marked disruption of NVC in brain slices of control animals. In the presence of a, b me-ATP alone (10 mM, 25 min), focal activation of neurons using EFS caused the anticipated arteriolar dilation in 100% of brain slices (n ¼ 5/5 brain slices, N ¼ 4) (Figure 4(d) ). However, subsequent treatment with ATPgS (3 mM, 10 min) to activate P2Y receptors caused inversion of NVC (i.e., EFS-induced vasoconstriction) in two of five brain slices and attenuated the vasodilatory responses in the other three brain slices (Figure 4(d) ), with no effect on EFS-evoked endfoot Ca 2þ transients (Figure 4(e) ). In brain slices pretreated with a, b me-ATP and the P2 receptor antagonist, Figure 4 . Activation of P2Y receptors in brain slices from control animals mimics SAH. (a) Representative trace showing the effect of ATPgS, a non-hydrolyzable ATP analog, on spontaneous Ca 2þ activity in a brain slice obtained from an un-operated control animal. To desensitize P2X receptors, a, b-meATP was included in the superfusate for 25 min prior to the application of ATPgS and maintained throughout the depicted experimental protocol. (b) Distribution of all spontaneous Ca 2þ event amplitudes recorded in brain slices from control animals before and after treatment with ATPgS (n ¼ 13 endfeet from 8 brain slices, N ¼ 5). Note that events mimicking SAH-induced eHACSs (black dots, peak Ca 2þ ! 500 nM) emerged following treatment with ATPgS. Horizontal black lines indicate the mean amplitudes of all events. Two-tailed paired t test, ns: not significant (p ¼ 0.05). (c) Summary data showing the frequency of endfoot Ca 2þ events in the presence and absence of ATPgS (n ¼ 13 endfeet from 8 brain slices, N ¼ 5). Two-tailed paired t test, **p < 0.01. (d and e) Effect of P2Y receptor activation on NVC. Summary data of EFSevoked changes in arteriolar diameter (d) and endfoot Ca 2þ (e) in brain slices from healthy control animals before and after treatment with ATPgS (n ¼ 5 brain slices, N ¼ 4). a, b-meATP was included in the superfusate for 25 min prior to the application of ATPgS and maintained throughout the experiment. Twotailed paired t test, *p < 0.05. suramin, ATPgS failed to elicit an increase in endfoot Ca 2þ signaling (Supplemental Figure 3(a) to (c), n ¼ 7 endfeet from 5 brain slices, N ¼ 4). These data suggest that functional P2Y receptors are present on astrocyte endfeet in healthy control animals and that activating these receptors generates Ca 2þ signals resembling SAHinduced eHACSs that disrupt NVC.
SAH-induced eHACSs occur independent of neurotransmitter release
Neuronal release is one potential source of extracellular purine nucleotides (e.g., ATP) that could impact endfoot Ca 2þ signaling after SAH. 18 To assess the contribution of neurotransmitter release on eHACSs, tetrodotoxin (TTX, 3 mM, 20 min), an inhibitor of voltage-dependent Na þ channels, was used to block neuronal action potentials in brain slices from SAH animals. 15 Tetrodotoxin had no effect on the occurrence of eHACSs, the mean amplitude of Ca 2þ events, or the frequency of Ca 2þ events ( Figure 5 (a) to (c)), suggesting that neuronal action potentials are not required for the generation of the P2Y receptormediated eHACSs (n ¼ 12 endfeet from 6 brain slices, N ¼ 5). These results, however, do not rule out the possibility that quantal (i.e., action potential-independent) neurotransmitter release or vesicular-mediated gliotransmitter release underlies the emergence of eHACSs after SAH.
To determine whether vesicular release of purine nucleotides mediates SAH-induced eHACSs, brain slices from SAH animals were treated with bafilomycin A1 (4 mM), a vacuolar H þ -ATPase inhibitor ( Figure 5(d) to (g)). Bafilomycin depletes both neuronal and astroglial vesicles of transmitter and has been shown to inhibit Ca 2þ signals in the fine processes of hippocampal astrocytes. [33] [34] [35] Brain slices were exposed to bafilomycin for 4 h at room temperature prior to imaging. Vehicle-treated (DMSO: 1:1000 dilution in aCSF) brain slices served as time controls for these experiments. Bafilomycin had no effect on eHACSs, the mean amplitude of events, or frequency of events compared to time controls ( Figure 5(d) to (f), Bafilomycintreated: n ¼ 10 endfeet from 6 brain slices, N ¼ 5 vs. Time control: n ¼ 9 endfeet from 4 brain slices, N ¼ 4). However, bafilomycin-treated slices failed to respond to EFS with a rise in endfoot Ca 2þ (Figure 5(g) ) or a significant change in arteriolar diameter (6.0 AE 0.3 mm before EFS vs. 6.1 AE 0.3 mm after EFS, two-tailed paired t test, p ¼ 0.77, n ¼ 5 brain slices, N ¼ 4) indicating vesicle depletion of neurotransmitter. Together, these results suggest that neither local neurotransmission nor astroglial vesicular release underlie purinergic receptor activation leading to SAH-induced eHACSs.
Discussion
This study provides evidence that G q -coupled P2Y receptor signaling underlies the emergence of eHACSs and the inversion of NVC in brain slices from SAH animals. The following observations are consistent with this novel finding: (1) broad-spectrum inhibition of purinergic P2 receptors with suramin blocked eHACSs and restored vasodilatory NVC after SAH;
(2) desensitization of Ca 2þ -permeable P2X receptors had no effect on the incidence of eHACSs; (3) SAHinduced eHACSs were abolished using a combination of inhibitors targeting G q -coupled P2Y 1 , P2Y 2 , P2Y 6 , and P2Y 11 receptors; (4) activation of P2Y receptors in brain slices from un-operated control animals mimicked SAH by triggering high-amplitude endfoot Ca 2þ events and disrupting NVC. These data identify astrocyte purinergic receptor signaling as an important contributor to SAH-induced micro-vascular dysfunction and impaired NVC.
In brain slices from SAH animals, the emergence of eHACSs has been linked to increased activity of endfoot large-conductance Ca 2þ -activated K þ (BK) channels, increased perivascular K þ , and inversion of NVC. 15, 17 Astrocytes express a variety of P2Y receptor subtypes that can be activated by multiple ligands found in purine/pyrimidine catabolic pathways (e.g., ATP, ADP, UTP, UDP). 18, 19 As shown in Figures 1  and 2 , the broad-spectrum P2 receptor antagonist, suramin 28 , blocked eHACSs and restored NVC after SAH without affecting normal astrocyte Ca 2þ signaling. Aside from its role as a purinergic antagonist, suramin has been shown to have a number of additional effects, including interference with receptor/G-protein coupling, inhibition of DNA and RNA polymerases, and inhibition of growth factor binding. 28, 36 Suramin has been used for nearly a century as a treatment for the initial phase of African trypanosomisis, commonly referred to as sleeping sickness 37 and has been studied as a treatment of high-grade glioma 38 and prostate cancer. 39 Our data using a combination of reagents targeting P2Y 1 , P2Y 2 , P2Y 6 , and P2Y 11 receptors (Figure 3 ) indicate that the beneficial effects of suramin after SAH (i.e., block of eHACSs and rescue of vasodilatory NVC) are due to inhibition of P2Y receptors, rather than off-target effects. Interestingly, Naviaux et al. 40 have recently reported that suramin, through actions on purinergic signaling, can alleviate autismlike behaviors in a mouse model of autism spectrum disorder, and a clinical trial is currently testing the safety and efficacy of single dose i.v. suramin in autism spectrum disorder (https://clinicaltrials.gov/ ct2/show/NCT02508259). Further, P2Y receptormediated disruption of astrocyte Ca 2þ signaling and impaired NVC have been observed in mouse models Figure 5 . Vesicular purine/pyrimidine release is not involved in the generation of eHACSs after SAH. (a) Representative trace of spontaneous Ca 2þ activity recorded from a SAH brain slice before and after treatment with tetrodotoxin (TTX), a fast Na þ channel inhibitor that blocks neuronal action potentials. Spontaneous Ca 2þ event amplitudes (b) and frequency (c) recorded in brain slices from SAH animals before and after treatment with TTX (n ¼ 12 endfeet from 6 brain slices, N ¼ 5). Note that eHACSs (black dots, peak Ca 2þ ! 500 nM) are present following treatment with TTX. Horizontal black lines indicate the mean amplitudes of all events. (d) Representative traces of spontaneous Ca 2þ activity recorded from SAH brain slices from either the vehicle (DMSO)-treated time control (left) or bafilomycin A1-treated (right) groups. Bafilomycin A1 depletes vesicular contents by inhibiting the vacuolar H þ -ATPase. (e) Distribution of all spontaneous Ca 2þ event amplitudes recorded in SAH brain slices from the vehicle-treated time control (-bafilomycin, n ¼ 9 endfeet from 4 brain slices, N ¼ 4) or bafilomycin A1-treated groups (n ¼ 10 endfeet from 6 brain slices, N ¼ 5). Spontaneous Ca 2þ events, including eHACSs, were not altered by bafilomycin A1 treatment. (f) Summary data showing the frequency of endfoot Ca 2þ events in vehicle-treated time control (n ¼ 9 endfeet from 4 brain slices, N ¼ 4) or bafilomycin A1-treated brain slices from SAH animals (n ¼ 10 endfeet from 6 brain slices, N ¼ 5). (g) EFS-evoked changes in endfoot Ca 2þ recorded from vehicle-treated time control (n ¼ 5 brain slices, N ¼ 3) or bafilomycin A1-treated brain slices from SAH animals (n ¼ 5 brain slices, N ¼ 4). EFS failed to elevate endfoot Ca 2þ in bafilomycin A1-treated brain slices from SAH animals, confirming vesicle depletion. Two-tailed paired t test, **p < 0.01, ns: not significant.
of Alzheimer's disease. 22, 23 Considering the dire need for better therapeutic options for patients following aneurysmal SAH, 1, 41 future in vivo studies targeting P2Y receptors using SAH models are warranted. P2Y receptors are activated by a number of endogenous ligands, including ATP. Consistent with a possible role of extracellular ATP in the generation of SAH-induced eHACSs, elevated levels of ATP have been reported in CSF after SAH, 20,21 and we have found that the non-hydrolyzable ATP analog, ATPgS, mimicked SAH by triggering high-amplitude endfoot Ca 2þ events and causing inversion of NVC in a portion of brain slices from control animals (Figure 4) . A number of sources could potentially contribute to elevated levels of extracellular ATP in brain parenchyma after SAH. For example, both neurons and astrocytes are capable of releasing ATP through vesicular-mediated exocytosis. 33, 42 However, it is unlikely that vesicular-mediated ATP release is involved in the generation of SAH-induced eHACSs, as neither tetrodotoxin nor bafilomycin impacted these events ( Figure 5 ). Astrocytes, considered to be a main source of extracellular ATP in the brain, 18 can also release ATP through connexin-based hemi-channels that are enriched in perivascular astrocyte endfeet. 43, 44 ATP can also be released from astrocytes via lysosomalmediated exocytosis. 45 Interestingly, our previous work demonstrated the presence of lysosomes within hypertrophic endfeet after SAH that could represent a supply of ATP. 17 Extravascular red blood cells (RBCs) represent another potential source of elevated purine nucleotides in brain parenchyma after SAH. 46 Autopsy studies of SAH patients and work using experimental SAH models have both demonstrated RBCs deposited along the wall of brain parenchymal arterioles following SAH. 15, 47 Further, we have found that salineinjected (sham-operated) animals failed to develop eHACSs ( Figure 1 ) or inversion of NVC, 15 suggesting the presence of subarachnoid blood is required to bring about these pathological events. It is conceivable that the gradual lysis of RBCs could impact local levels of ATP in the restricted perivascular space between astrocyte endfeet and parenchymal arteriolar myocytes. However, the appearance of eHACSs within 24 h of SAH 17 does not readily fit with the reported time course (3-7 days) for the lysis of RBCs in CSF. 48, 49 Thus, further study will be required to determine the identity and source of P2Y receptor ligands involved in the generation of SAH-induced eHACSs.
Our data show that spontaneous endfoot Ca 2þ events depend on phospholipase C activation and, presumably, the production of inositol 1,4,5-trisphosphate (IP 3 ). Although the majority of endfeet at two days post-SAH exhibited eHACSs (Figure 1(d) ), the overall frequency of endfoot Ca 2þ events was unchanged. 15, 17 Further, blocking SAH-induced eHACSs with either suramin or a cocktail of P2Y inhibitors did not lower the incidence of spontaneous Ca 2þ events in subsequent recordings (Figures 1 and 3) . These observations suggest that P2Y receptor signaling does not directly trigger eHACSs. Rather, P2Y receptor activity seems to amplify ongoing Ca 2þ signals, converting some ''control-like'' events into eHACSs. It is possible that the aberrant activity of endfoot P2Y receptors after SAH transiently and modestly elevates local IP 3 levels. This surplus of IP 3 may combine with naturally fluctuating IP 3 levels (i.e., the stimulus driving ''control-like'' events) leading to enhanced release of Ca 2þ and the generation of an endfoot high-amplitude Ca 2þ signal ''eHACS''. Future work will be necessary to elucidate the mechanistic link between P2Y receptor activation and the emergence of eHACSs.
Aberrant purinergic signaling may also have direct implications for arteriolar dysfunction after SAH. Multiple lines of evidence suggest that purinergic signaling regulates basal arteriolar tone in the CNS. [50] [51] [52] For example, Brayden et al. (2013) report that the G qcoupled receptors, P2Y 4 and P2Y 6 , contribute to the development of pressure-dependent myogenic tone in cortical arterioles isolated from the rat brain. In the present study, we found that targeting P2 receptors with either the broad-spectrum P2 receptor antagonist, suramin, or the broad-spectrum P2 receptor agonist, ATPgS had clear effects on astrocyte Ca 2þ signaling (Figures 1  and 4 ), but did not impact parenchymal arteriolar diameter in the absence of EFS. It is possible that smooth muscle of the cortical arterioles in our brain slice preparation, which are an order of magnitude smaller than those examined in the report by Brayden et al. do not functionally express P2Y receptors. However, future in vivo studies should include consideration of the potential impact of targeting purinergic receptors throughout the cerebral vasculature.
In summary, a growing body of evidence indicates that pathological changes in astrocyte Ca 2þ signaling occur during disease states such as Alzheimer's disease, epilepsy, and SAH. 15, 17, 22, 23, 53 Further, astrocyte Ca 2þ signaling profoundly impacts CBF regulation, including NVC. [54] [55] [56] Here, we expand upon this knowledge by identifying a causal link between the activity of G q -coupled P2Y receptors and the emergence of SAHinduced eHACSs and the inversion of NVC. Our observations are consistent with previous reports of P2Y receptor-mediated disruption of astrocyte Ca 2þ signaling and impaired NVC in mouse models of Alzheimer's disease. 22, 23 Moving forward, targeting purinergic signaling in astrocytes may improve cortical blood flow in patients after SAH and provide additional benefits to individuals with other brain pathologies.
